Twenty-one patients are presented who demonstreted localized late systolic bulging of the left ventricutar wall.
he normal left ventricle contracts in a predictaTble, organized, symmetrical manner.'-2 During the ejection phase of systole, the inner ventricular surface is chkcterized by almost concentric inward mo~ement.~ Quantitative evaluation of this inward movement along various axes of the left ventricular cavity has beendes~ribed.~ Synergy has been used to describe the normal left ventricular contractile pattern, whereas asynergy denotes a localized abnormality of contractile att tern.^" Tennant and -W i g g e~,~ in dog experiments, were among the first to appreciate that myocardial ischemia could lead to asyn;rgy, which was characterized by a systolic outward bulging of the ischemic segment. Subsequently, Hamson and cow~rkers,~ with the use of kinetocardiographic techniques, demonstrated paradoxic precordial systolic movement in patients with ischemic heart disease and attributed this to a disorganized pattern of left ventricular contraction.
ferior wall myocardial infarction. Ischemic T wave changes in the anterior leads were noted in a total of nine patients. Selective coronary angiograms demonstrated significant coronary artery disease in 16 patients, whereas five patients had normal coronary angiogram. Hemodynamic and left ventricular volume studies were essentially normal, except for elevated left ventricular end-diastolic pressure in eight of the patients with coronary artery disease. Five patients, after wrtocoronary bypass surgery, revealed, on restudy, a normal contractile pattern. The late systolic bulge present in our patients is consistent with asynchronous contractions, resulting in early relaxation of the involved segment.
Angiocardiographic methods have documented the frequent occurrence of left ventricular asynergy in arteriosclerotic heart d i s e a~e .~,~,~ Left ventricular asynergy has also been described associated with the prolapsing mitral leaflet syndromee and mitral stenosis.'O Asynchrony, as defined by Herman and associate^,^ is a form of asynergy characterized by a disruption in the normal temporal sequence of left ventricular contraction. The present communication describes a group of patients with angina pectoris who had an unusual form of left ventricular asynergy characterized by localized systolic bulging of the left ventricle, which became evident only during the end of ejection. It is felt that these alterations in wall movement are the result of a special form of asynchronous contraction of the left ventricle.
Twenty-one patients form the basis of this report. All the patients were referred because of angina pectoris. All patients had complete clinical and hernodynamic evaluation as previously described.11 All patients had standard 12 lead electrocardiograms which were interpreted by accepted criteria.= Cardiac series were performed on all patients. Hemodynamic studies included right and left heart cardiac catheterization. Left ventricular angiographic studies were performed in the right anterior oblique position by injecting into the left ventricle 0.50 to 0.75 ml/kg of 90 percent sodium meglumine diatrizoate with a power injector (Viamonte-Hobbs) through the transseptal or retrograde catheter. Cineangiographic films were taken at intervals of 16.7 msec on 35 mm film (General Electric). The x-ray exposure duration for each cine frame was four msec. On each study a tracing of lead 2 of the electrocardiogram was superimposed in the right upper comer of each cine frame (CinetraceElectronics for Medicine). A continuous recording of the electrocardiogram was simultaneously taken on a multichannel oscillographic recorder ( Electronics for Medicine ) at a paper speed of 200 or 100 mm per second with U) or 40 msec time lines. In order to determine the exact relationship of individual frame exposure with the electrocardiogram recorded, each four msec x-ray pulse from the x-ray grid control pulse unit was displayed as a square wave pulse into the d-c channel of the recorder and recorded simultaneously with the electrocardiogram. Just prior to the angiographic study, the aortic pressure pulse was recorded at a paper speed of 200 or 100 mm per second. Using a catheter tip manometer (Statham, model P866), the pressure pulse transmission delay of the catheter system used in this study was found to be 10 to 15 msec. Taking into account this transmission of the aortic pressure pulse and using the electrocardiogram as a time base reference system, the left ventricular cineangiographic frames could be referred to the aortic pressure pulse. In this manner, an exact timing of each cine frame during left ventricular ejection was possible ( Fig 1 ) .
The cine films were analyzed by projecting them with a 35
in Tables 1 and 2 . All the patients were evaluated because of angina pectoris to determine whether they were candidates for aortocoronary bypass surgery. The patients were divided into two groups on the basis of the contractile pattern noted during early and mid-ejection ( Table 2 ) . Group 1 consisted of 11 patients who demonstrated a normal contractile pattern during early and mid-ejection. During the very late phase of ejection, an anterior or apical bulge first became evident and, in some patients, the localized bulge became more pronounced during early diastole. This is illustrated in Figure 2 (patient 1 ) . During the early and mid-portion of ejection, the left ventricle contracted in a normal, symmetrical manner (frames 1 and 2). In this patient, the ejection time was 320 msec and, at very late ejection (280 msec after ejection), a prominent lower antero-apical bulge developed ( frame 3 ) , which persisted during early diastole (frame 4). Group 2 consisted of ten patients who demonstrated a localized, abnormal contractile pattern at the onset of ejection (Table 2 ) and, during late ejection, an outward bulge first became evident. This is illustrated in Figure 3 The 11 patients in group 1 revealed that one had a prior history of an acute myocardial infarction and
RESULTS
another patient had hypertension. No patient had a The pertinent clinical, hemodynamic and angiohistory of congestive heart failure or evidence of graphic findings in the 21 patients studied are shown cardiomegaly. The electrocardiogram revealed left anterior hemiblock in one patient, abnormal inverted T waves in the precordial leads in six and a normal electrocardiogram in four ( Table 1) . As noted in Table 1 , the only hemodynamic abnormality n~t e d in the patients in group 1 was an elevated left ventricular end-diastolic pressure in four patients. The ten patients in group 2 revealed that five had a prior history of an acute myocardial infarction and three had hypertension. No patients had a history of congestive heart failure or cardiomegaly. Five patients in group 2 had electrocardiographic evidence of a prior inferior myocardial infarction. One patient had left bundle branch block and three patients had only abnormal inverted T waves in the precordial leads. One patient had a normal electrocardiogram. The left ventricular end-diastolic volume and cardiac output were normal in all patients in group 2 (Table 1 ) . One patient (patient 12) had minimal reduction in the ejection fraction and four patients had elevated left ventricular end-diastolic pressure. As evident in Table 1 , 16 patients had evidence, on selective coronary angiography, of significant (greater than 50 percent narrowing) coronary artery disease, whereas five patients (patients 9, 10, 11, 20, 21) had normal coronary angiograms. These latter five patients had no heart murmurs or systolic clicks. Figure 4 illustrates a patient (patient 11) who had angina pectoris and normal coronary arteries with a late anterior systolic bulge occurring 35 msec before the end of ejection. As noted in Table  1 , all 16 patients with coronary artery disease had involvement of the anterior descending artery. The five patients with triple vessel disease and two patients with double vessel disease had evidence of collaterals present. Five patients (patients 3 to 7 )
were studied after aortocoronary bypass surgery and demonstrated loss of the localized late systolic bulge and an entirely normal contractile pattern.
The geometric changes of the left ventricle during the cardiac cycle have been investigated, with the use of epicardial markers,' variable resistance strain gauge~'~J' and angiographic methods.' All these methods permit an evaluation of the continuous change in wall movement during the cardiac cycle. These investigations indicate that ejection occurs mainly by a uniform circumferential reduction of the minor axis of the left ventricle. The normal human left ventricle reduces by 50 percent the anterior and peri-apical axes of the left ventricle during ejection, whereas the base-to-apex hemiaxis is shortened by only 20 p e r~e n t .~ Such changes in shape of the left ventricular cavity can easily be appreciated in the right anterior oblique projection during left ventricular angiography ( Fig 1 ) . End occurs approximately 55 msec after the onset of the QRS, is usually recognized by the largest chamber silhouette observed (Fig 1, frame l ) , while the end of the ejection is identified by the smallest outline of the left ventricular chamber size (Fig 1, frame 3) . Such empirical observations permit angiographic determination of the left ventricular end-diastolic and end-systolic volume^.^.'^ The latter part of ejection is characterized by an almost linear reduction of the multiple hemiaxes of the ventricular chamber? and indicate the absence of any sudden asymmetrical change in the movement of the left ventricular wall. This is readily apparent in Figure 1 , frame 2, which demonstrates the left ventricular silhouette 80 msec before the end of ejection. No abnormal bulges are present and progression to the end of ejection (Fig 1, frame 3 ) occurs by slight reduction of the short axes of the heart. Also note that 80 msec after the end of ejection (Fig 1, frame  4) there are also some minimal symmetrical changes and no abnormal bulges are present. During isovolumic relaxation there may be a sudden elongation of the heart from base to ape^.'***^^,'^ This sudden elongation of the long axis of the heart is not always observed and presumably is caused by early relaxation of the papillary muscles and the apex of the heart. These changes, observed in the normal left ventricular wall are in marked contrast to that noted in the patients in the present study (Figs 2 to 4) , which demonstrated asymmetrical paradoxic late systolic wall movement. In our experience, most forms of asynergy are apparent at the very onset of ejection or no later than the first third of ejection and persist during the remainder of systole. Such localized abnormalities in contraction most commonly result from structural or functional alternations in the muscle as a result of myocardial fibrosis or ischemia secondary to coronary artery di~ease.~ In these 21 patients, the major portion of ejection was characterized by normal or minimal alterations of the involved wall and the asymmetrical portion of the heart became apparent only during the latter part of ejection. This is illustrated in patient 2 (Fig  2) , where the change in left ventricular silhouette from end-diastole (frame 1) to the latter third of ejection (frame 2) demonstrates what appears to be a normally contracting heart. Just prior to the closure of the aortic valve, however, a prominent anteroapical bulge becomes evident (frame 3), and thus increases the end-systolic silhouette area. Calculation of the end-systolic volume on the basis of the smallest cardiac silhouette observed during systole would thus give a smaller end-systolic volume and would result in an increased calculated ejection fraction. It is rather interesting that five patients (patients 9,10, 11, 20, 21) with angina pectoris and normal coronary arteries also demonstrated similar late systolic bulges ( Fig 4) , suggesting ischemia of the involved myocardial segment. None of these five patients had heart murmurs, systolic clicks or evidence of a pro- lapse mitral valve on left ventricular angi0gram.O Hemodynamic studies on these five patients gave normal results. Thus, these five patients exemplify the patients described by others18 as having angina pectoris with normal coronary angiograms. The symmetrical changes in contractile pattern noted during left ventricular angiography are the result of asynchronous excitation-contraction coupling. Septa1 wall and papillary muscle contraction precedes that of the free wall of the left This asynchronous contraction occurs as a result of temporal changes in activation, which permit an orderly sequence of contraction, allowing proper closure of the mitral valve to occur before the left ventricle generates pressure to open the aortic valve. Such a normal asynchronous sequence of contraction probably results in asynchronous rela~ation.'".'"'~ In spite of this normal left ventricular asynchrony, the overall pattern of wall movement permits the heart to function as an efficient pump with a minimum energy cost.s The term asynchronous contraction, as used by other~?~J denotes a grossly abnormal temporal sequence of contraction. Asynchronous contraction used as such is commonly due to an abnormal excitation-contraction sequence as seen in ventricular premature beats, idioventricular tachycardia and ventricular fibrillat i~n .~" During left ventricular angiographic study, asynchrony is commonly appreciated during catheter-induced ventricular premature beats. Altered hemodynamics during idioventricular pacingleZ1 has been ascribed to asynchronous left ventricular contraction. Left bundle branch block may be associated with abnormal asynchronous apical contraction of the left ~entricle.~ Altered activation as a result of an intraventricular. conduction disturbance can possibly be implicated in the asynergy noted in two cases (patients 9, 21) of the present series. However, other patients studied by us with similar conduction disturbance have not demonstrated such abnormal contractile patterns.
Late systolic bulging of the left ventricle has been reported at the site of pacing during left ventricular pacing.=* The left ventricular angiograms shown in the paper by Ueda and associates28 are very similar to those noted in our patients. Electrical stimulation of the base or apex of the left ventricle resulted in late systolic bulging at the site of stimulation% and presented an angiographic pattern similar to those noted in Figure 2 to 4 of the present study. It was postulated that the abnormal early activation at the stimulating site resulted in asynchronous contraction, which permitted early relaxation at the stimulating site whib the rest of the myocardium was still contracting. The high pressure present in the left ventricular cavity at a time when a zone of myocardium was relaxing resulted in an outward bulge. Gooch and associatess described localized early diastolic bulges in some patients with prolapse of the mitral valve and felt it resulted from asynergy with early relaxation of the bulging segment. In none of the patients described by Gooch and co-workerss was an intraventricular conduction disturbance described. In some of our patients, the late systolic bulge became more pronounced during early diastole (Fig 3, frame 4) . In spite of the absence of an intraventricular conduction disturbance in all but two of our patients, the abnormal contractile patterns noted are consistent with asynchronous contraction resulting in early relaxation of the involved segment. The increased distensibility, as a consequence of early relaxation, permits outward bulging under the high left ventricular pressure still present.
In 11 patients (group 1 ) there was no apparent abnormality in the pattern of contraction during early and mid-ejection, whereas in ten patients (group 2), asynergy was present at the onset of ejection. The only difference noted between both groups of patients was that no patients in group 1 had electrocardiographic evidence of a transmural myocardial infarction, whereas half the patients in group 2 had evidence of a previous transmural inferior myocardial infarction. Of further note was that, although the late systolic bulge involved the anterior or apical wall, there was no evidence of a transmural infarction of the anterior wall but rather, as noted in Table 1 , there were ischemic T waves present in the precordial leads in nine patients. Why asynchronous contraction should be present in the absence of a conduction disturbance is not apparent. It is speculated that ischemia may alter excitationcontraction coupling, and result in local abnormalities of activation. Asyneresis, present in some of our patients during early systole at the segment involved in late systolic bulging, suggests the possibility of incomplete activation and early recovery. It is interesting that five of our patients, following successful aortocoronary bypass surgery, had regained normal contractile patterns when restudied. This would CHEST, 65: 2, FEBRUARY, 1974 indicate that the asynchrony is reversible and not related to any permanent localized disorder of excitation-contraction coupling.
